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remarks  on  Cooling  the  Turbine  blades 
of  Aircraft  Engines 

Dr.  ini.  Jerzy  0,tys 
Doc.  dr.  ini.  Stefan  Szczecinski 

In  this  article  are  presented  the  structural 
and  stress-endurance  effects  of  cooling  the 
guide  and  rotor  blades  of  turbine  aircraft 
engines,  as  well  as  a method  for  approximate 
calculation  for  blade  cooling. 

As  is  known,  the  increase  in  the  temperature  of  the 
gasses  before  the  turbine  allows  the  decrease  in  the  overall 
dimensions  of  the  turbine  engine,  and,  in  the  case  of  the 
turbine  engine  shaft  — also  of  unitary  fuel  use.  The 
decrease  in  the  geometric  dimensions  allows  the  simultaneous 
decrease  in  construction  weight. 

iis  a result,  there  exists  the  continual  effort  to 
increase  the  temperature  of  the  gasses  to  the  highest  pos- 
sible degree  permissible  with  regard  to  the  strength  of  the 
materials  used  in  the  several  parts  of  turbine  assembly. 

Many  years  have  already  passed  since  essential  changes  were 
noted  in  the  permissable  amounts  of  stress  (in  high  tempera- 
ture conditions)  for  the  use  of  creep-resisting  construction 
materials.  Hence,  also  , a temperature  reduction  is  often 
used  before  the  turbine  in  engines  used  in  civilian  transport 
aviation  (in  comparison  to  the  same  engines  used  in  military 
aircraft),  which  has  the  goal,  first  of  all,  of  increasing 
the  longevity  of  the  turbine  assembly  — as  a result  there  is 
a decrease  in  the  creep  rate  of  materials  used  in  the  blades 
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and  bearing  plates  of  the  turbine  rotors.  In  drawing  1 is 
presented  the  relationship  between  the  strength  of  creep- 
resisting  materials  and  the  temperature  as  well  as  the 
relationship  of  the  creep  rate  to  the  function  time  of  the 
load  at  different  temperatures. 

From  the  cited  data  it  can  be  seen  that  the  only  means 
to  increase  the  longevity  of  a turbine  assembly  is  to  decrease 
the  temperature  of  its  parts.  With  simultaneously  ever- 
increasing  demands  relative  to  engines'  geometric  dimensions, 
their  weight,  and  other  parameters,  the  necessity  of  turbine 
cooling  arises  (as  has  been  noted  in  aircraft  and  astronautic 
Technology , 1971 > ho.  4). 

The  degree  to  which  a stream  of  air  can  cool  a turbine 
stator  was  tested  long  ago  (e.g.,  the  Jumo  004  engine),  this  J 

degree  of  cooling  of  the  rotor  blades  became  possible  only 
after  the  attainment  of  the  relevant  technological  methods 
for  turbine  blade  testing  which  allowed  the  blades’  cooling 
by  an  air  stream  flowing  along  the  length  through  appropriate 
canals  in  the  blades.  Direct  cooling  of  the  blades  restricts 
Ihe  influx  of  heat  to  the  bearing  plates,  which  reduces 

the  internal  temperature  stress,  thus  allowing  the  decrease 
in  their  weight. 

We  present  below  a general  method  for  the  evaluation  of 
temperature  decrease  of  the  walls  of  the  turbine  blades,  at 
a given  gas  temperature  and  a given  cooling  intensity,  as 
well  as  the  construction  strength  resulting  from  the  cooling 
method  employed. 

According  to  published  information,  the  cooling  of  tur- 
bine blades  (given  the  use  of  materials  of  comparable  quality 
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to  those  used  in  non-cooled  turbines)  allows  the  increase  of 
pre-turbine  temperature  to  110C-1250°C , assuring  thus  a 
several  thousand-hours  endurance  for  turbine  components. 


Approximate  Calculation  of  Blade  Coolini 


lhe  presentation  of  calculations  for  the  cooling  of 
turbine  blades  has  the  purpose  of  determining  the  median 
well  temperature  for  both  guide  and  rotor  blades  at  a given 

* or 

temperature^  the  gasses  flowing  around  it  and  at  a determined 
expenditure  of  cooling  air  or,  in  other  words  — the  designs 
tion  of  the  essential  amount  of  cooling  air  needed  to  attain 
the  desired  wall  temperature. 


Simplifying  this  problem  requires  us  to  disregard  the 
effect  of  heat  radiation  and  abstraction,  due  to  conduction 
to  the  turbine  cylinder  (in  the  example  of  stator  blade)  — 
or  to  the  bearing  plate  Qt  (in  the  example  of  the  rotor 
blades).  Disregarding  the  effects  of  conduction  is  permis- 
sible, especially  in  regard  to  rotor  blades,  due  to  the  way 
in  which  air  cooling  is  supplied  (to  the  interior  of  the 
blade)  from  the  disc  side  in  the  direction  of  radiation. 


1.  Durability  qualities  of  creep-resisting  materials: 
a - durability  in  relation  to  temperature,  b-  rate  of  creep 
under  constant  stress  at  various  temperatures. 


In  drawing  2 is  given  a schemata  of  the  inflow  and  outflow 
of  heat  from  un-cooled  re  lor  blades, and  from  those  cooled 
by  air  current.  # . _ _ 


Schemata  of  heat  inflow  and  outflow  in  turbine  blades 
un-cooled  blades,  b - cooled  blades. 


After  achieving  this  result,  the  heat  balance  has  the 


form 


the  flow  of  heat  onto  the 
blades  from  the  gasses 

the  flow  of  heat  taken  away 
from  the  blades  by  a flow 
of  cooled  air 


where 


The  middle  stage  of  conducting  heat  through  the  walls 
of  the  blades  (permeation)  can  be  disregarded  due  to  the 
negligible  heat  resistence  of  the  heavy  + tur- 

bine walls. 


In  developed  form  the  heat  balance  assume 


the  follow 


ing  form 


where 


coefficients  of  heat  absorption,  relating 
gasses  to  the  blade  walls,  and  the  blade 
walls  to  the  cooling  air 

blade  surface  bathed  correspondingly  by 
gasses  and  air 


Illegible 


= stagnation  temperature  of  the  gasses 
before  the  blade  lattice  in  °C . 

= wall  temperature  in  °C . 

= stagnation  temperature  of  cooling  air. 


At  the  same  time, 


the  heat  flow 


can  be  expressed: 


(2) 


where  = expenditure  of  cooling  air  in 

one  hour  by  one  blade 

Gp  * expenditure  of  cooling  air  in  one  second 

+ z = number  of  blades 
ip  = median  real  heat  of  the  cooling  air 

— = temperature  stagnation  increase 

of  air  in  the  turbine 


In  solving  the  equation  (la)  with  equation  (2)  we  gain 
the  following  result: 


-O'# C#<»  -£><1 


(3) 


where  if,  - stagnation  temperature  of  the  gasses  ai. 

the  entry  section  of  the  blade  lattice 
— along  the  blade  vane 

— r7j  - basic  natural  logarithm 

exponent 


Designating  K = (GpCp)/(agA^)  allows  us  to  guin  from 
equation  (3)  the  requirement  for  median  wall  temperature, 
viz. : 


I + MI 


(*) 
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Equation  (3)  permits  the  determination,  by  indicating 
the  wall  temperature,  oc  the  essential  expendi- 

ture of  cooling  air  for  the  blade,  which  is  performed  by 
the  method  of  successive  approximations.  Then,  for  air 
cooled  blades,  we  take  as  a first  approximation  the  value 
of  coefficient  in  the  limits  = 0.2  - 

The  median  values  of  the  coefficients  for  h at  absorp- 
tion alone  the  blade  profile  is  expressed  by  equations  from 
determined  criteria  which  were  developed  on  an  experimental 
basis.  For  example,  the  value  of  coefficient  a + is  deter- 

J 

mined  on  the  basis  of  the  equation: 

Mu  * A F**’**  tfi*  . 

\s) 


in  which  equation  (Kuszelt's  humber) 

A = C.1315  + 0.16  - the  coefficient  comprehend- 
ing the  effect  of  the  shape 
of  the  blade  profile.  Lesser 
values  relate  to  profiles 
with  increased  radius  of 
attack  edge 

+he  = - Reynold's  number 

+ ? «=  r*r  - The  relation  of  median  absolute  blade 
x ’ wall  temperatures  and  gasses 

+t?  = r - relative  density  of  the  lattice,  equating 
the  proportionate  lattice  scale  (t)  to 
its  breadth  (b) . 


After  considering  the  preceeding  expressions,  equation 
(3)  can  be  transformed  to: 


(6) 


where : 


G 


C1  + C2 

■"  — — - Median  ^as  speed  in  the  lattice 

equating  the  median  arithmetical 
speed  before  the  lattice  a*  and 
beyond  the  lattice 

+ - median  arithmetical  values  of  the  coeffi- 
cients conveying  heat,  density,  and  the 
dynamic  gas  viscosity  coefficient,  which 
is  determined  in  relationship  to  gas  temp- 
erature in  the  entry  and  exit  section  of 
the  lattice.  In  calculating  the  approxi- 
mations for  the  values  noted  above  the 
tables  for  the  physical  properties  of  air 
may  be  used. 

T.  + T Q 

T 2 = £ — — - median  gas  temperature  in  the 

entry  and  exit  sections  of  the 
lattice. 

Tsc  - median  wall  temperature  which  value  is 
accepted  for  the  first  approximations, 
and  in  case  of  a difference  with  calcula- 
tions from  formula  (d) , succeeding  approxi- 
mation are  performed. 

+ = + - equivalent  diameter,  equating  the  rela- 
tive blade  profile  perimeter  bathed  by 
gasses  to  x. 

Formula  (6)  allows  the  value  of  coefficient  (+)  to  be 
determined,  for  a stationary  blade  lattice,  e.g.,  a stator. 

As  the  experiments  of  many  authors  have  shown,  the  coefficient 
for  conducting  heat  a'g  for  rotor  glades  increases  on  the 
average  2G-JC#  in  comparison  with  the  same  value  for  a station- 
ary  blade  lattice: 


£g  = (1.2  + 1.3)ag 

It  is  necessary  to  bear  in  mind  here  that  in  utilizing  formula 
(6)  for  a lattice  of  rotor  blades,  absolute  speeds  and  C2 
should  be  replaced  by  relative  speeds  w^  and  W2* 
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If  there  exists  the  necessity  to  determine  the  value  of 
the  coefficient  for  heat  conducting  ap,  then  in  this  regard 
we  may  utilize  the  formula: 


where : 


Mt-fcUUBV”*’* 


~i.usselt's  number 
fAlb  _ Reynold ' s number 

the  relationship  of  the  median  absolute  blade 
— v/all  temperature  to  the  median  absolute  tempa- 
* rature  of  the  air  in  the  blades,  which  can  be 
calculated  on  the  basis  of  the  air  temperature 
increase  in  the  blade 


> 


^ ' 


c = speed  of  the  cooling  air  influx  at  the  entrance 
to  the  blade  interior 

+ = median  arithmetical  values  for  the  coefficient 
of  heat  conduction,  density,  and  the  dynamic 
coefficient  of  air  viscosity,  determined  by 
the  temperature  at  the  blade  intake  and  exit. 

equivalent  diameter,  rela- 
tively equating  the  quad- 
ruple surface  of  the  late- 
ral section  of  the  cooling 
canal  in  the  blade  to  the 
perimeter  of  this  canal 
bathed  by  air. 


The  utilization  of  internal  cooling  for  turbine  rotor  blades 
in  order  to  decrease  the  wall  temperature  to  the  range  200-5C0°C 
requires  the  most  frequent  expenditure  of  cooling  air,  which 
would  account  for  1.5  - 2.5#  of  all  the  air  expended  by  the 
engine . 


d = + * ■ 

P v 
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Cooling  of  the  blades  is  connected  with  decreasing  the 
overall  temperature  of  the  gasses  flowing  through  the  blade 
lattice.  This  decrease  can  be  determined  from  this  formula: 

exponent 

expenditure  of  gasses  for  one 
blade  in  the  course  of  an  hour 

gas  expenditure  by  the  engine  in 
one  second 

number  of  blades 

average  characteristic  heat  of 
gasses 

I Tactically,  the  value  of  ( + ) attains  only  a 

few  degrees,  and  may  be  disregarded  in  approximate  calcula- 
tions of  blade  cooling. 

Structural  and  Lurability  Kffects  on  Blade  Cooling 

ns  has  already  been  mentioned,  prevailing  technicalogical 
methods  which  enable  the  flow  of  cooling  air  by  means  of  inter- 
nal canals  in  turbine  blades  have  allowed  for  considerable 
temperature  diminution  for  the  materials  of  these  blades.  Si- 
multaneously the  weight  of  the  rotor  blades  is  reduced  decreas- 
ing the  rim  burden  of  the  bearing  plates,  which  permits  the 
reduction  of  the  plates'  weight  while  retaining  its  strength. 

The  cross  sections  of  the  blade  canals  can  also  be  selected 
so  that  the  general  character  of  the  cross-sectional  changes 
does  not  undergo  change  in  relation  to  the  "full"  (not  cooled) 
vanes.  As  is  well  known,  the  tensile  stress  on  a turbine  blade, 
on  an  arbitrary  radius,  is  defined  by  the  formula: 


where : 


<»  <*» 


c. 


••Of 

I 


Gs  - 


Z - 


PE 


L 
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where : 


r - weight  density  of  the  material 

w - angular  velocity  of  the  rotor 

F(k) , f(r)  - consecutive  blade  lateral  section  fields 
R,  r,  R^  - consecutive  and  external  blade  radius 


Drawing  3-  Characteristic  patterns  for  lateral  sections  F, 
stresses  (+)  and  safety  factors  along  the  turbine 

rotor  blade:  a = uncooled  blades,  b = cooled  blades. 


In  drawing  3 are  presented  the  characteristic  course  of 
changes,  in  lateral  section,  in  turbine  rotor  blades,  the 
distribution  of  stress  along  the  blade  and  the  course  of  per- 
missible stress  for  material  for  both  un-cooled  and  coolec 
blades  — under  conditions  of  the  same  gas  temperature.  Retain- 
ing the  constancy  of  the  relationship  f(r)n  +■  P(r)cht+  along 
the  radius,  the  stress  on  the  blade  remains  without  change  — 
which,  in  the  case  of  cooling,  increases  the  amount  of  permiss- 
ible stress,  simultaneously  increasing  the  value  of  the  safety 
factor  for  the  blade.  The  safety  factor  at  each  blade  section 
assumes  the  form: 

*(*)  — 


■'lUf  IT  (fl)l 

milt 


The  problem  may  be  staled  in  the  reverse  — the  evaluation 
of  how  much  the  cases' s temperature  can  be  increased,  by  using 
rotor  blade  cooling,  and  still  retain  the  safety  factor  at  this 
same  level.  While  retaining  the  same  value  for  the  safety  fac- 
tor, the  gasses 's  temperature  can  be  raised  200-30C°C  (in  the 
case  of  cool  blades)  depending  upon  the  intensity  of  cooling, 
the  creep  speed  of  the  material  used  and  the  predicted  durabi- 
lity of  the  turbine. 

Cooling  of  turbine  stator  blades  has  been  employed  for 
many  years  quite  broadly,  however  cooling  of  rotor  blades  has 
come  into  use  relatively  recently  — and  then  primarily  in  jet 
engines,  i.e.,  in  engines  with  bladesArelatively  large  geomet- 
ric dimensions,  hue  to  blade  cooling,  both  stator  and  rotor, 
of  two  first  stage  turbines,  the  possibility  has  be^a  attained 
of  enduring  considerable  temperatures  (before  the  turbi.e  assem- 
bly), for  example  in  the  Kolls-koyce  LB211  engine  — 11^5°C, 
in  the  General  Electric  TJT39  engine  — 1258°C‘,  perhaps  these  will 
not  comprise  the  limit  of  technical  possibilities. 
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